Introduction
Ralstonia solanacearum is a bacterial plant pathogen that causes lethal vascular wilt disease in a wide range of crops of economic importance (Hayward, 1994) . It is considered one of the most destructive phytobacteria due to its lethality, persistence, wide host range and broad geographical distribution (Elphinstone, 2005; Mansfield et al., 2012) . Bacterial wilt of potato (Solanum tuberosum), caused by R. solanacearum, was first reported in Ethiopia in 1956 by Stewart (cited by Gorfu et al., 2013) and is currently becoming the most important potato disease after late blight, caused by Phytophthora infestans (Lemaga et al., 2005) .
In the absence of a formal seed certification scheme and lack of regional quarantine measures in Ethiopia, bacterial wilt is becoming a very serious concern, threatening the potato industry (Gorfu et al., 2013; Kassa & Chindi, 2013) . This is unfortunate given the fact that the potato crop has great potential in achieving food security for an ever-growing human population in the country, which is expected to double by 2043 at the current yearly growth rate of 2.5% (World Bank, 2015) . The disease is encroaching on the highlands that are supposed to serve as ideal niches for seed potato production, putting at risk the recent efforts by the International Potato Center (CIP) and the National Potato Program to introduce a Quality Declared Seed (QDS) scheme as an alternative to a formal seed certification scheme for smallholder seed producers (Schulz et al., 2013) . This scheme, which has already been legislated into a seed law, envisages zero tolerance for the bacterial wilt disease.
The Chencha district in the Gamo-Gofa Administrative Zone of the Southern Nations, Nationalities and Peoples Region of Ethiopia was selected recently to serve as a pilot for the 'Potato Centre of Excellence' initiative by Vita, an Irish NGO, in seed potato production, and to serve as a benchmark for best production practices. Potato is a very important crop in the Chencha district, with every household allocating a small plot of land for the crop every cropping season. Potato is produced in two production seasons in Chencha: the Belg season (short rain season: March to June), and the Meher season (long rain season: July to November), of which the Belg season constitutes the bulk of potato production, as the Meher season is conducive for late blight development.
Since 2010, hundreds of tonnes of seed tubers of improved varieties have been introduced to Chencha and the surrounding districts by aid agencies. However, in the last 2 years (2014-15), the bacterial wilt disease has appeared in epidemic proportions in almost all seed potato producers' fields, with increasing trends of both the prevalence and severity of the disease. The recently introduced potato varieties appear to be more severely affected than the local varieties, suggesting that bacterial wilt in these areas might have been introduced via seed of introduced potato varieties. Understanding the genetic diversity of the strains involved in the disease epidemic is important for epidemiological inferences.
Based on phenotypic properties, R. solanacearum has been historically divided into five races (related to the ability of the bacterium to wilt specific plant species) and six biovars (related to the ability of the bacterium to metabolize three sugar alcohols and three disaccharides; Fegan & Prior, 2005; Wicker et al., 2012) . Based on this classification scheme, only race 1 biovar 1 (with ability to wilt the Solanaceae family), race 3 biovar 2 (the potato brown rot strains), and race 4 biovar 3 (ginger wilting strains) were reported to be present in Ethiopia (Yaynu, 1989; Lemessa & Zeller, 2007; Kifelew et al., 2015) , race 3 biovar 2 being the dominant genotype infecting the potato crop. However, this classification system is deemed neither predictive nor phylogenetically meaningful for epidemiological inferences (Fegan & Prior, 2005; Siri et al., 2011; N'Guessan et al., 2013; Parkinson et al., 2013) . Race 4 biovar 3 strains, which are in the phylotype I hierarchical scheme of Fegan & Prior (2005) , have recently been reclassified to R. pseudosolanacearum genospecies along with phylotype III strains of African origin (Safni et al., 2014) . Lemessa et al. (2010) studied the genetic diversity of R. solanacearum strains of Ethiopia by repetitive element palindromic PCR (rep-PCR). The rep-PCR analysis identified two groups, corresponding to biovar 1 and biovar 2 strains at 55% similarity, and resolved Ethiopian biovar 2 isolates into four subgroups and biovar 1 isolates into a single group at 90% similarity. Lemessa et al. (2010) inferred that the biovar 2 and biovar 1 strains of Ethiopia belonged to phylotype II and phylotype III, respectively, of the hierarchical classification of Fegan & Prior (2005) . However, despite the high repeatability and reproducibility within a laboratory (Louws et al., 1994) , rep-PCR is sometimes not reproducible among laboratories (Roumagnac et al., 2006; Ramsubhag et al., 2012) , limiting the utility of the rep-PCR data of Lemessa et al. (2010) for this study. There are no other reports from Ethiopia relevant to understanding the molecular epidemiology of the current outbreak of bacterial wilt of potato.
It is not clear if the recent potato bacterial wilt disease outbreak in the Chencha district is due to a recent introduction of the pathogen along with seed tubers of improved varieties or to endemic disease. Endemic is used as defined by Porta (2008) : 'the constant presence of a disease or infectious agent within a given geographic area or population group'. Such research questions warranted an objective answer to prevent further spread of the pathogen in the region. In this regard, N'Guessan et al. (2013) and Parkinson et al. (2013) have recently demonstrated the ability of multilocus variable number tandem repeat (VNTR) analysis to discriminate between the monomorphic sequevar 1 strains of R. solanacearum. The objective of this study was, therefore, to identify and genetically characterize R. solanacearum strains involved in the current disease outbreak, and possibly trace their source(s).
Materials and methods

Assessment of bacterial wilt disease prevalence and tuber sampling in Chencha
In order to assess the overall prevalence of the bacterial wilt disease and to obtain better epidemiological insight, the district was systematically divided into two categories prior to the field survey, in consultation with senior agronomists of the Chencha Office of Agriculture who were very familiar with the cropping history of the district: five kebeles (the smallest administrative unit with two or more villages) known for large-scale introduction of improved varieties and five kebeles known for production of mainly local farmers' potato varieties. Data were collected on the disease prevalence (defined as number of potato fields with at least a single wilted potato plant with characteristic bacterial wilt symptoms), and severity (defined as a proportion of wilted potato plants per potato field crop expressed as a percentage). Individual potato fields were selected by randomly walking through the selected kebeles. A total of 20 tubers, two from each of 10 wilting plants, were sampled per field in a single paper bag, changing gloves between potato fields, for laboratory confirmation and isolation of the pathogen.
Potential sources of latently infected seed potatoes, and tuber sampling Historically, Holeta Agricultural Research Centre, along with the surrounding Holeta-Jeldu area in the Central Highlands and Haramaya University in the east, are known to be the main source of seed potato distribution in the country. Shashemene in the south serves as the main hub of ware potato distribution and is also long known as a hot spot of bacterial wilt of potato. However, the Holeta-Jeldu area plays by far the most important role in supplying seed potato across all regions of the country. Hence, survey and sampling of potato fields in this study for the isolation of R. solanacearum focused on those regions: seed potato fields in Haramaya, Kersa and Weter in the east, seed potato fields in Holeta, Jeldu and Wenchi in the Central Highland region, ware potato fields in Shashemene, and Tilili-Adet area in the northwestern part of Ethiopia. The tubers were sampled from visibly wilted potato plants/hills in separate paper bags and kept in cool dry conditions until isolation of the pathogen.
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Isolation of R. solanacearum
Potato tuber samples from each sampled field were separately washed in tap water and then surface sterilized by dipping in 70% ethanol (EPPO, 1990; Sanchez Perez et al., 2008) . After surface disinfection, strips along the vascular ring were removed from the stolon end of each tuber and immediately immersed in extraction buffer (phosphate buffer pH 7) containing antioxidant (tetrasodium pyrophosphate, 1 g L À1 ) in a maceration bag. After maceration, the samples were left to stand for 15 min to allow any bacteria present to be released into the extraction buffer. Bacteria present were then concentrated by centrifugation at 100 g at 4°C for 10 min, followed by recentrifugation of the supernatant at 10 000 g at 4°C for 10 min. The concentrated pellet was then resuspended in phosphate buffer (pH 7.2) and 500 lL of the resuspended pellet was used for streak plating on modified semiselective media (M-SMSA) (Elphinstone et al., 1996) and incubated at 30°C for 48 h. Presumptive R. solanacearum colonies were purified on tetrazolium chloride (TZC) solid media following proper aseptic techniques.
DNA extraction
DNA was extracted from the presumptive R. solanacearum pure cultures using DNeasy Blood and Tissue kit (QIAGEN) following manufacturer's recommendations. Of those extracts that were overgrown by other competing bacteria on the SMSA agar medium, total DNA was extracted from the resuspended bacterial pellets described above using the PowerSoil DNA Isolation kit (Mo Bio Laboratories, Inc.). The DNA isolation kit protocol was fully followed except that the samples in this case were resuspended bacterial pellets (20 lL) extracted from potato tubers instead of soil samples described in the kit protocol.
PCR detection and identification of R. solanacearum
The isolates were detected by using R. solanacearum species complex-specific primer pairs 759/760 (0.5 lM each per reaction; Opina et al., 1997) . PCR was performed in a total 50 lL reaction using 25 lL of Fermentas 29 PCR enzyme mix (Thermofisher Scientific), 5 lL of Q solution (59; QIAGEN) and 25 ng gDNA on a 2720 thermal cycler (Applied Biosystems) with the following cycling conditions: initial denaturation for 15 min at 95°C; 30 cycles of 30 s at 94°C, 1 min at 59°C and 1 min at 72°C; and final extension of 10 min at 72°C.
Identification at phylotype level was performed using multiplex PCR, combining the four phylotype-specific primer combinations (0.2 lM each per reaction) of Fegan & Prior (2005) and 759/760 (0.2 lM each) and 10 lL gDNA (130 ng) using the Quantitect Multiplex PCR kit (QIAGEN) on a 2720 thermal cycler. Thermal cycling conditions were the same as stated above for species detection. Representative reference strains of phylotype II and III obtained from Fera Science Ltd were included in the test and the phylotype of each isolate was determined according to the size of the amplified DNA (Table S1) after separating PCR amplicons on 1.5% agarose gel electrophoresis stained with GelRed.
For sequevar typing of the isolates, a 750 bp virulence-associated endoglucanase (egl) gene fragment was amplified from gDNA using Endo-F and Endo-R primers (Fegan & Prior, 2005) . The PCR was run using Fermentas PCR mix (29), 0.5 lM each Endo-F and Endo-R, and 25 ng gDNA in a total of 50 lL. The PCR was run on a Tprofessional Basic Gradient thermal cycler (Biometra) with the following cycling conditions: initial denaturation of 9 min at 96°C; 30 cycles of 1 min at 95°C, 1 min at 70°C, 2 min at 72°C; and final extension of 10 min at 72°C. The PCR product was then cleaned using Wizard SV Gel and PCR Clean-up system (Promega) following the kit protocol before being sent to a sequencing service (Eurofins Genomics). The same Endo-F and Endo-R primers were used for sequencing.
The generated sequences from both strands were assembled and manually edited, combined into a multifasta file along with phylotype II egl reference sequences from the NCBI database, covering known genetic diversity within R. solanacearum genospecies (formerly phylotype II), and aligned with CLUSTALW multiple alignment tool in BIOEDIT sequence alignment software. The aligned sequences were then used to generate a phylogenetic tree in MEGA V. 6 (Tamura et al., 2013) . The phylogenetic tree was constructed from the genetic distance data using the neighbour-joining method (Saitou & Nei, 1987) with 1000 bootstrap resampling of data to test tree topology (Felsenstein, 1985) . The evolutionary distances were computed using the maximum composite likelihood method of Kumar et al. (2004) . Assignment to sequevars was done by comparing test strain clustering with a range of identified sequevar reference strains of Wicker et al. (2012) . In addition to the phylogenetic tree, sequevar 1 assignment of the study isolates was also confirmed by running individual egl sequences on a recently published computer program of Stulberg & Huang (2016) .
Determination of VNTR profiles
A PCR and sequencing approach described by Parkinson et al. (2013) was used to determine six tandemly repeated sequences from five different loci (L504, L539, L540, L563 and L578) and two additional loci (IPO100, IPO4134) of N' Guessan et al. (2013) . Each of the first five loci was amplified separately with 25 ng gDNA and 0.3 lM each of forward and reverse primers of Parkinson et al. (2013) , except for the reverse primer of L540 (Table S2 ). Long PCR enzyme mix (ThermoFisher Scientific), and Fermentas PCR Master mix (ThermoFisher Scientific) were used for amplifying L504, L539, L563, and L540, L578, respectively. The PCR was run on a 2270 thermal cycler with cycling conditions of initial denaturation of 2 min at 94°C; 34 cycles of 45 s at 94°C, 30 s at 55°C, 30 s at 72°C; and final extension of 10 min at 72°C. The two additional VNTR loci IPO100 and IPO4134 of N' Guessan et al. (2013) were amplified in 50 lL reactions using 25 lL of Fermentas PCR Master Mix, 0.3 lM each of forward and reverse primers, and 25 ng gDNA in a total of 50 lL. PCR was run on a C1000 thermal cycler (Bio-Rad) with cycling conditions of initial denaturation of 5 min at 96°C; 30 cycles of 30 s at 94°C, 30 s at 60°C, 90 s at 72°C; and final extension of 10 min at 72°C. The amplified PCR products were cleaned with Wizard SD gel and PCR cleanup system and sequenced by a sequencing service (Eurofins Genomics) using sequencing primers indicated in Table S2 .
The tandem repeat sequences were counted manually from the determined sequences using the standard start and finish reference sequences defined by Parkinson et al. (2013) , except for the pre-repeat sequence at L540; all of the study strains including the reference strain NCPPB 4212 generated the pre-repeat sequence of TCGGCTGAGGCGGCCG at this locus.
Results
Bacterial wilt disease prevalence in Chencha
The average field plot area in the district planted with potato in the survey season was 565 m potato fields surveyed, the prevalence of the disease was 97%. The overall incidence of the disease in the district ranged from less than 0.06% in a village where there was no significant introduction of recently introduced potato varieties, to 96.6% in one of the first recipients of the new seed. On average, potato fields planted with seed potatoes recently introduced from the Holeta-Jeldu area were more severely affected, with 7.97% of plants per field wilted at flowering stage compared to 1.16% for local varieties.
Detection and identification of R. solanacearum isolates
Multiplex PCR for the four phylotypes of the species complex (Fegan & Prior, 2005) along with species complex specific 759/760 primer pairs of Opina et al. (1997) identified all the tested isolates collected from Chencha as well as all the major seed potato producing regions of Ethiopia as R. solanacearum phylotype II (Fig. 1) .
Sequevar typing
Phylogenetic analysis of the partial egl sequences clustered all the phylotype II isolates with reference sequences of phylotype II B sequevar 1 strains (Fig. 2) with a high bootstrap value (96%) to support the typology of the tree with long branch length from the nearest clusters. The isolates' partial egl sequence was also individually verified as belonging to sequevar 1 by the computer program of Stulberg & Huang (2016) .
VNTR sequence analysis
For meaningful epidemiological inferences about the likely geographical transmission pattern of the highly monomorphic sequevar 1 strains (Wicker et al., 2012; N'Guessan et al., 2013; Parkinson et al., 2013) , isolates representing historically known main hubs of seed potato distribution in Ethiopia were included in the VNTR analysis, namely Holeta Research Centre and its surrounding districts in Central Ethiopia, Haramaya University and nearby districts in eastern Ethiopia, and Shashemene district in southern Ethiopia. An isolate was also included from northwestern Ethiopia isolated from an irrigated potato crop.
The five VNTR loci containing six tandemly repeated sequences of Parkinson et al. (2013) and VNTR locus IPO100 of N' Guessan et al. (2013) resolved the sequevar 1 strains into 11 haplotypes (Table 1) . Eight of these haplotypes (P1, P3, P4, P5, P6, P7, P8 and P9), and haplotype P11 were unique to isolates collected from Chencha and Shashemene districts, respectively. However, haplotype P2 was common for all the regions surveyed for this study across the country except for Shashemene district. Locus IPO4134 of N'Guessan et al. (2013) generated the target sequence in all Ethiopian strains in this study but not in tandem repeats as reported in the article, hence was not useful in discriminating the strains.
Discussion
The genetic diversity of R. solanacearum isolates involved in the current bacterial wilt disease outbreak among seed potato growers across Ethiopia was studied at sequential levels of molecular analysis, from phylotype identification with multiplex PCR for the species complex, phylogenetic analysis for sequevar typing using partial egl sequences, and multilocus VNTR sequence analysis to discriminate between the otherwise clonal (monomorphic) sequevar 1 strains (Wicker et al., 2012; N'Guessan et al., 2013; Parkinson et al., 2013) .
The identification of all R. solanacearum isolates in this study as phylotype II B sequevar 1 strains is in agreement with reports of Yaynu (1989) , Lemaga et al. (2005) and Kassa & Chindi (2013) who reported race 3 biovar 2 from Ethiopia which belongs to phylotype II, but in contrast to Lemessa & Zeller (2007) who also reported race 1 biovar 1 from Ethiopia. Fegan & Prior Lemessa et al. (2010) deduced that the Ethiopian biovar 1 strains they identified should probably be placed in phylotype III, which was recently placed into the R. pseudosolanacearum genospecies (Safni et al., 2014) . The assertion that the Ethiopian biovar 1 strains belong to phylotype III needs further investigation as it is also probable that those isolates were from phylotype IIA; phylotype IIA being the more likely case if they were in fact a result of introduction of potato genotypes by CIP, as argued by Lemessa & Zeller (2007) . However, either way, the present study is indicative that race 1 biovar 1 strains were not the key players in the current wide-scale bacterial wilt disease epidemic on surveyed seed potato fields across Ethiopia.
Differentiation of strains of monomorphic bacterial pathogens mainly relies on molecular markers on repetitive DNA rather than sequence data . VNTR typing is based on short sequences that are repeated tandemly and are located throughout bacterial genomes. VNTR loci mutate by either increasing or decreasing these repeats, probably mainly driven by DNA replication folk error (DNA replication slippage; Reyes & Tanaka, 2010) . The epidemiological inference from VNTR typing is based on the consideration that identical molecular fingerprints from different isolates are epidemiologically linked (Reyes & Tanaka, 2010) .
Sequevar 1 strains of R. solanacearum are reported to be clonal (monomorphic) across the globe (Wicker et al., 2012; N'Guessan et al., 2013; Parkinson et al., 2013) . The six tandemly repeated sequence markers of Parkinson et al. (2013) resolved all sequevar 1 isolates in this study into nine VNTR haplotypes, in which the most common haplotype was identical to P6056 isolated from bittersweet (Solanum dulcamara) in the UK (Parkinson et al., 2013) . However, the addition of VNTR locus IP0100 of N' Guessan et al. (2013) increased the discriminatory power of VNTR loci by further resolving the most common VNTR haplotype into three (Table 1) . Parkinson et al. (2013) .
Plant Pathology (2017) 66, [826] [827] [828] [829] [830] [831] [832] [833] [834] This is in agreement with the assertion that the higher the number of loci used, the higher the discrimination among isolates, resulting in a number of smaller clusters of identical profiles in a sample (Aandahl et al., 2012) . Shashemene district in the south of Ethiopia has long served as the main hub of seed and ware potato marketing (Emana & Nigussie, 2011) and has long been implicated in the dissemination of bacterial wilt of potato, given the apparent prevalence of the disease in the district. It is remarkable that R. solanacearum strains with VNTR profile P11 isolated from the most widely grown potato variety (Nech Abeba) in Shashemene district (Emana & Nigussie, 2011; Kolech et al., 2015) were not isolated from other sampled regions in this study.
The unique diversity of the pathogen within phylotype IIB sequevar 1 in Chencha district suggests that it evolved independently of other strains from other regions of the country and hence is an endemic pathogen in the area, given the long tradition of potato growing in the district. It is also likely that there were multiple introductions of the pathogen, as the district was one of the first locations to receive potato genotypes introduced by CIP in the mid-1970s (Kidane-Mariam, 1979 and known for introduction of seed potatoes by aid agencies for years. However, the clear pattern of the higher severity of wilt disease in the villages known for the newly introduced varieties, coupled with a high frequency (0.47) of VNTR haplotype P2 isolates in the district, suggests that there were also recent introductions of haplotype P2 strains with latently infected seed.
Interestingly, VNTR haplotype P2 is shared between seed potato fields of the key potato breeding and dissemination institutions of the country: Haramaya University and its surroundings in the east and Holeta Research Centre and its surroundings in the Central Highlands of Ethiopia. There are two hypotheses as to why they share the same strains of R. solanacearum linked with the current bacterial wilt disease outbreak across the country. Haramaya University used to receive advanced potato clones from Holeta Research Centre, hence probably introducing the pathogen by latently infected tubers. The pathogen might have also been transferred from Haramaya to Holeta with tubers when the potato breeding programme was transferred from Haramaya to Holeta more than three decades ago with germplasm transfer (T. Tsegaw, Haramaya University, Ethiopia, personal communication). The first hypothesis is more likely because there is an active seed potato transfer from Holeta to the surroundings of Haramaya but not vice versa. This is further strengthened by the fact that early field generations of the supposedly 'high quality' seed potatoes at Holeta Research Centre tested positive for R. solanacearum at high infection rate during this study. The disease might have established long ago in the centre, as they have been practising roguing wilted plants from seed lots for years, whilst continuing to be the main source of seed for multiplication by seed cooperatives across the country. This becomes very apparent when the geographical map of the VNTR haplotypes is superimposed with the main cross-regional seed potato distribution pattern of the country (Fig. 3) .
The Holeta-Jeldu area in central Ethiopia and Haramaya and its surrounding districts in eastern Ethiopia are the main suppliers of quality seed potato to small-scale seed potato producers elsewhere in the country. To the authors' understanding, the recently legislated QDS scheme envisages the use of either those seed cooperatives as seed source in those key regions or new seed producers with seed supplied from those regions. However, the feasibility of the scheme is questionable as the disease was confirmed in 92% of surveyed seed potato producer cooperatives (Parker et al., 2016) and in research institutions that are supposed to supply high-grade seed to those cooperatives.
It is very difficult to produce pathogen-free seed potatoes in places where bacterial wilt of potato is widespread, i.e. where the pathogen is already established and long crop rotations with either non-host and/or R. solanacearum-suppressive crops are unlikely. Cleaning of the basic seed stock from the pathogen at the research institutions should be given priority along with identification of pathogen-free highland districts and/or sites for quality seed potato multiplication. In the short term it is also advisable (safer) to exclusively restrict high quality seed production to the newly identified pathogen-free districts.
